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EXPERIMENTAL STUDY OF LOOP-SCAVENGED COMPRESSION-IGNITION
CYLINDER FOR GAS-GENERATOR USE

By BEempton H. Foster, F. Ral ph Schuri oht
and Max J. Tauschek

SUMMARY

A preliminary experimental investigatlon was made of the per-
formence and general operating characteristics of a snell (3?:‘- by 4% in.)

single=cylinder, two-stroke-cycle, loop-scavenged engi ne usi ng com-
pression ignition at | ow compression rati os, high inlet-manifol d tem-
peratures, and hi gh inlet-manifold and exhaust-gas pressures. The

i nvestigation was conducted to detesmine experinentally the perform
ance characteristics of a ported eylindexr for gas-generator use, to
compare the results with those obtained by an anal ysis of a piston-
type gas-generator engine, and to indicate the practicability of
cperating an engine cylinder at the requi red conditions.

The experimental results, 1n general, are in reasoneble agree-
ment with the performence val ues analytically obtained for the
pi ston-type burner. Scavenging was unsatisfactory at rioh fuel-air
m xtures; consequently, the charging efficiency and the power out put
wer € somewhat lower than antlcipated. The thermal efflclency experi-
mentally determined checked well Wit h analytical results st low
fuel-air ratios. Heat | osses from the cylinder were inordinately
hi gh; these high losses were partly attributed to the high surface-
volume ratio of the cylinder and to the | ow coolant tenperature used
to expedite the recording of data in this initial investigation.
When the heat-rejeotionrate was considered, t he calculated and the
measured exhaust-gas temperatures sgreed very closely.

Qperation of the cylinder at | ow compression ratlos, high inlet-
manifold temperatures, highinlet-menifold and exhaust-gaspressures,
and high maxi mum cylinder pressures presented no new problens nor
difficulties. Operation was quite snooth because of the | owrate of
pressure rise in the cylinder.
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| NTRODUCT| ON

The potentialities of a gas-generator engine conprising a two=
stroke~-cycle conpressi on-ignition engine, a compressor,and a turbine
are presented in reference 1. In this type of power plant, the
pi ston engine drives its own supercharging compressor and t he exhaust
gases fromthe engine are utilized in a turbine, which producee the
net useful work of the cycle. A diagrammatic sketch of a gas-
generator power plant is shown in figure 1

Aside from the external operating conditions, the performance
of the gas-generator engine is determned by (1) a maximum al |l owabl e
cylinder pressure, (2) & maximum
and (3) the necessity that the work output of the piston component
of the engine nust equal the work requirenents of the compressor.
In order to satisfy these three conditions simultansously, compression
ratio, manifold pressure, and fuel-air ratio nmust be adjusted to the
proper values. Calcul ations in reference 1 indicate that compression _
ratios from4 to 7, manifol d pressures of approximtely 80 to
160 pounds per square ineh absolute, and over-all fuel-air ratlos of
approximately 0.03 may be used. Theshigh inlet density results in high
alr capacity for the gas-generator engine and |eads to a ow specific
engi ne wei ght, end the hi ghexpansionratio results in good fuel econony. .

The operation of the principal conmponent of this power plant,
the two-stroke-cyole ocnpression-ignition engine, is certainly
uni que and unusual as compared W t h conventi onal compression-
I gni tion-engi nepractice. Consequently, experimental data nust be
obtai ned pertaining to the performnce of this component and the
theory relative to the influence of the rate of conbustion-pressure
rise on the performance of a pressure- and tenperature-limted
cylinder; confirmation i s al so necessary of the theoretical expressions
for such items as engine efficiency, heat rejection, conpression and
combugtion pressures, and charging characteristics. An investigation
was therefore conducted at the NACA Lewi s |aboratory to determne
experinental |y the performance characteristics of a ported cylinder
for gas-generator use and to conpare the results with those obtained
in reference 1.

The unusual operating conditions inposed uBon the engine may
| ead to questions about the mechanical practicability of such an
engine. Athough a limting maxi num cylinder pressure and exhaust
tenperature have been maintained, conpression ratio, charging pres-
sure and tenperature, and exhaust pressure are so far renoved from
conventional practice that unforeseen mechanical and thermal |oads
may result in premature engine failure. A careful study of the
practicability of operating engine cylinders at these conditions

I's therefore warranted
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For this work, a snal | -scal e, | oop-scavenged, two-stroke-cycle,
ccunpression-ignition eylinder was sel ected as the sinplest type of
cylinder that was expected to satisfy the gas-generator requiremerts.
This cylinder was operated with compression ratios of 4 to 7, Inlet-
manifold temperatures r angi ng from 300° to 800° F, manifold pressures
of 80 to 135 pounds per square inch absolute, and over-all fuel-air
ratios up to 0.060. The engine speed was hel d constant at 1800 rpm,
and the charge air flowlimited t0 1 cylinder volume per cycle.
Al'though this engine speed and this rate of f£Iloware not necessarily
optinum the values were selected as the mean between possible linmts
of the variables (reference 1) in order to limt the nunber of
variabl es under investigation.

APPARATUS

A ported eylinder With a 3%~inch bore and a 4%—1nch stroke was
Pabricated fromsteel and the bore was chrome-plated to prevent
rapid wear. A detachable cylinder head with various spacers af f orded
a nmeans of obtaining a change i n compression ratio. The inlet- and
exhaust-port arrangenments were simlar to those used by Rogowski and
Bouchaxd (reference 2, fig. 4, section D-D). In this design, two of
the eight inlet ports were inclined at an angle of 60° with the base,
and the horizontal inlet angles of the other six inlet ports were so
arranged as to dlrect the incoming air upward and toward the inl et
side of the cylinder (fig. 2). Four cast-iron piston rings
(wedge-shaped cross section) were used above the piston pin; two
ri ngs (recteagular cross section) were used below the pin to seal the
mani f ol dpressure from the crankcase. A four-plunger punp driven at
one-tenth engi ne speed provided netered |ubrication to the cylinder
bore at four equally spaced points just above the top of the ports.
An oil jet fromthe small end of the connectinP rod was directed at
the under side of the exown of the alumnumalloy piston to cool the
piston. The cylinderwas nounted on a CFR crankcase. A 100-horsepower
dynanonet er eguipped with t he necessexry accessories and i nstrumentation
was used to astaxrt the engine, to absorb the power,and to notor the
engine in order to obtain friction data and conpression pressures.
The dynemometer torque was indicated by scales. Figures 3 anmd 4
show general views of the setup

The fuel-injeotion ﬁunp had a 10-millimeter plunger and a
lo-mllineter stroke. The maximum plunger velocity was 0.0125 inch
per degree of cam rotation. The spring-loaded injection valve had
an openi ng pressure of 3300 pounds per square inch. Cross sections
of the conbustion chanber at various compression ratios, the |ocation
of the injection valve, and a sketech of the spray pattern are shown
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infigure 5. The nozzle used was selected on the basis of a brief
prelimnary investigation. The fuel had a cetane number of 50, a
specific gravity of 0.835 at 60° F, and a hydrogen-carbon ratio of
0.149. Fuel flow was neasured with a rotaneter.

Hi gh- pr essur e cambustion-scavenging air was Obtai ned fromthe
| aboratory air system Weight flow wascontrolled by suitable valves
inthe Inlet and exhaust systens and was measured by a thin-plate
orifice installed according to A'SME specifications. surge tanks
(figs. 4 and 6) located before and after the engine were equi pped
with pressure taps to measure the inlet-manifold and exhaust-gas
pressures. Maxi num cylinder pressures were nmeasured with a bal anced-
di aphragmval ve and a pressure gage. A mercury mancmeter connected
between the inlet manifold and the exhaust tank was used to indicate
the pressure drop across the cylinder during operation. The readings
were i N close agreement with the differences between inlet-manifold
and exhaust-gas pressures as indicated by calibrated Bourdon gages.

An electrically operated gas-sanpling valve was connected to
t he conbustion chanber fromwhich gas sanpl es were directly piped
to a mxture anal yzer (reference 3? Sanpl es of gas for a 20°
crank-angl e period coul d be obtained for any desired part of the
‘stroke.

During part of this investigation, the engine was operated on
a four-stroke cycle, that i1g, With fuel injection at the end of
every second conpression stroke in order to Insure the renoval of
unburned fuel from the cylinder prior to the air-charging process.
Thi s operation was accomplished by the use of 2:1 reduction gear
bet ween the engine and the fuel-injection punp

Indi cator-card (pressure-tinme diagrans) data were obtained with
a nodi fied Farnboro electric indicator (reference 4).

PROCEDURE

Variable fuel-air-ratio runs were made over a range of inlet-
mani fol d pressures and corresponding exhaust-gas pressures, so that
the chosen scavenging ratio (ratio of volume of air flowing through
the cylinder per cycle nmeasured at inlet-manifold conditions to the
volume of the cylinder at the tine of ﬁort cl osing) was oonstant.
The inlet-air flow was controlled by throttling the flow of exhaust
gases. The engi ne speed washel d constant by varying the load on
t he dynamometer f or changes in fuel-air ratio; the fuel-injection
advance angl e was al so hel d constant.

1077
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~Data were recorded at a mni mum of 1S-minute i ntervals to permit
stabilization of operating tenperatures. Friction |osses were deter-
mined by motoring the engine after each point at which data were t aken.

The fol l owi ng engine operating conditions were used:
Port timing, deg A. T. C.

T BRI R oomnm=

Exhaustcloses..................... 251

Iﬂet oommes A A A ) ) ) ) ) ) ) r r 4 i i 4 4 4 r r 8 8 8 119
Infet ClOSES o « o o ¢ « o « o a &« « « v o v o . . . .. 28
Conpressionratios (baged on volume above
exhaust ports) . . . . . . . . . . . . ... 4, 4.5 525 and 7
I nlet- rmnlfold pressures l'b/sg_ in. abs. .. eo, 100 120, and 135
Injection-advance angle, deg . . . . . . . . . . . . 25
Fuel-alr-ratio (over-all) range . . . . . .. 0.0l to 0.060
Inlet-manifold temperature, °F . . . . . . . 300, 400, 5oo, and 600
Coolent inlet temperature, °F . . . . . . . .. . 1es

RESULTS AND DISCUSSION
Scavengi ng Characteristics

Port fl| ow coefficients. - Fl oW coefficients of the inlet and
exhaust ports were determined under steady-fl ow conditions. The
air flowthrough the eylinder was neasured at succesaive positions
of the piston, whioh controlled the port openings. The inlet- and
exhaust - f| ow coefficlents based on the maxi mum port areas are shown
in figure 7(a). The average steady-flow coefficlents based on

.maximum port area were found to be 0.238 and 0.372 for the inlet and

exhaust systems, respectively. Figure 7(b) shows a plot of the
products of the val ues of open-port areas and the corresponding

val ues of 4ischarge coefficient at different crank positions in the
scavenging period. The average values of this produet are 0.653

and 0.923 square inch for the inlet and exhaust systems, respectively.

A parameter M, first developed for an analysis of the flow
through poppet valves (reference 5) was modified for use in the
study of flow through a porbted cylinder and was used toconpare the
inlet and exhaust systens of the poxrtedcylinder with those of a
oylinder from a 12-cylinder conventionael aircraft englne. The value
of M (designated g in reference 5) is a dinensionless nunmber
representing the hypothetical average Mach nunber for the flowthrough
the valves or ports when the piston is assuned to induct or exhaust
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t he charge at a constant pressure. ' (See appendix for method of
calculation of M) Al though the fl ow processes do not actually
occur i n this manner, thi s assumption permts a convenient net hod
or index for comparing the capacities of various valve systems,
inasmach as it takes i nt 0 account t he val ve areas, the rates of
openi ng, the fl owcoefficients, the total opening peri ods, and the
oylinder dimensions. Wth this nethod of comparison, the |ower the
value of M the greater the capacity of the val ve under the oper -
ating conditions considered. The comperative val ues of M for the
ported oylinder and the cylinder of a conventional aircraft engine
at piston speeds of 1350 and 2400 feet per minute and arbitrarily
ochosen inlet and exhaust sonic velocities of 1100 and 2500 feet per
secord, regpectively, are:

Ported |Conventional
cy¥linder |aircraft-engline
cylinder
Engine speed at piston speed Of
1350 feet per minute 1800 ypm|1l350 rpm
I nl et M. . .. ... ... .... 0.344 0.144
Exhsust M . . . . . . . . . . . .. 0.098 0.088
Engine speed at piston speed Of .
2400 feet per minute 3267 rpm|2400 rpom(r &t ed)
I nl et M L] L] L] L ] * L] L d [ ] L[] L ] L] L d L ] L] 0. 624 0. 263
BExhaugt M . . . . . . . . . . ... 0.179 0.160

The relatively high, and therefore unfavorable, values of M
for the i nl et ports are due to the anguler arrangenent, the length
of the flow passages, and the sharp edges at the entrances of the
ports (fig. 2).

Cylinder pressure drop. =~ Typical cylinder-pressure-drop dat a
obtained during the iInvestigation are shown in figure 8. The pres-
Sur e drops shown here renge from approximately 4 to 23 pounds per:
square inch and vary with manifol d pressure and fuel-air ratio.

These data mey be compared with calculated values of pressure
drop far the ported ocylinder and also for the cylinder of refer-
ences 1 and 2, which were calculated by means of the equation used
in the previous analysis (reference 1):

Rg = 0.0910 »\/( - z—:) T (1)

1077
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where

Ry scavenging ratio

Pe exhaust-gas pressure, (ib/sq in. abs.)
By inlet-manifold pressure, (1b/sq in. abs.)
Tm inlet-manifold tenperature, (°R)

Thia equation was intended to apply to cruisin? engi ne speeds
corresponding to a mean piston speed of approximately 1800 feet per
mnute. The experinental cylinder, however, was operated at a mean
pi ston speed of 1350 feet per mnute. Ifthe cylinder and the ports
are assumed t0 have the characteristic8 of an orifice and the
weight flow is assumed directly proportionalto the average piston
speed, the cylinder pressure drop will vary as the square of the
average piston speed. Comsequently, equation (1) becones

By @ 1550)2 P
Pn - Pe = \5.0510/ \1800, T (2)

Pressure drops cal cul ated fromequation (2) are compared Wth
the experimental data for 8 fuel-air ratio of 0.03 in figure 9.
The differences between the cal cul ated and experimental data are in
a large part attributed to the lowinlet-port flow coefficients and
the inadequate exhaust |ead of the cylinder under investigation
Because the anal ytical expression is i ndependent of fuel-air ratio,
the pronounced effect of fuel-air ratio on the pressure drop across
the experimental cylinder (as illustrated in fig. 8) is further
evi dence of inadequate exhaust |ead or time-area for the exhaust
blowdown process. The required exhaust |ead, determ ned by a method
prrgegted in reference 6, was about six times that of the experinenta
cyl i nder

Charging efficiency. - In reference | it iS assumed that
per f CT_mixing accompanies t he char gi ng process (reference 6). For
this scavengi ng process, t he charging efficiency ng is given by
reference / as

ng = 1 - e s (3)
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At the selected operating condition, that is, a scavenging ratio of
unity, the charging efficiency fromequation (3) 1s 63.2 percent.
Sanpl es of gas from the experimental. cylinder, however, indicated
that the charging efficiency was less than 55 percent, which repre-
sents a loas of 13 percent in power output at rich mxtures.

For operation at over-all fuel-air ratios in excess of 0.035
experimental date indicate that as the fuel-alr ratio i S enriched
the charging efficiency decreases and ultimately approaches zero
This relation is caused by the eylinder fuel-air ratio being stol-
chiometric Orrioher so that all the fuel cannot burn. When the
scavengi ng process begins, the unburned fuel remaining fromthe
previ ous eyele apparently undergoes combustion, using part of the
gcavenge ai r. As a result, the cylinder isin part bel ng scavenged
Wi th produets of conmbustion. On succeeding cycles, the cylinder
fuel-air rati o becomes increasinglyricher until equilibriumis
reached, at which time the concentration of products of combustion
in the eylinder is very high at Inlet-port closure.

The effect of high concentration of the products of conbustion
is dermonstrated by the data of figure 10. Ths indicated nean effec-
tive pressure decreases rather rapidly as the cylinder fuel-air ratio
goes beyond stoichiometric, corresponding to an over-ell fuel -air
ratio of about 0.035,which is indicative of the poor scavenging
under these operating conditions. The burning of practically all
t he fuel during some part of the cycle, whether it i s duringthe
power stroke or during the initial stages of the scavengi ng process,-
is clearly illustrated by the ocurve of exhaust-gas tenperature,
whi ch continues to increase W th increasing over-all fuel-air ratio.

Operation on a four-stroke cycle (with fuel injection every
ot her cycle) shoul d denonstrate the effect of the unburned fuel that
exists in the cylinder at the beginning of scavenging. In this case
the unburned fuel and products of conbustion resulting from burning
during the scavenging period are carried out of the cylinder on the
nonfiring cycle. The power curve as a function of fuel-air ratio
therefore shoul d not peak but shoul d become substantially flat ae
the cylinder fuel-air ratio beconmes richer than stoichiometric. The
four-stroke-cycle data, shown only in figure 10, confirm this
concl usion

Power Qut put

Effect of engine operating conditions. - The effect of inlet-
mani fol d tenmperature, inlet-manitold pressure, and fuel-air ratio
on the indicated mean effective pressure of the experinental cylinder
is shown in figures 11 and 12.
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At very lean fuel-air ratios (below 0.025}, figure 11 indicates
that the indicated mean effective pressure is roughly proportionalto
the fuel flow. As the mixture is enriched, the slope of the curve
decreases and ultimately reaches a value of zero. This point corre-
sponds t 0 approxi mat el y stolchiometric m xture in the cylinder, which
IS approximately twice the over-all fuel-air ratio for ths chosen
operating condition8 and resultant charging efficiency.

For changes i n inlet-menifold pressure or inlet-mnifol d tem-
perature, the data Of figures 11 and 12 show upon analysis t hat the
i ndicated nean effective pressure is alnost directly proporticnal to ths
density of the air in the inlet manifold. This proportionality is
a natural result Of the manner in which the operating condition8
wer e changed insgmuch as t he air flow was held constant at 1 cylinder
vol ume per cycle. Smell chenges in charging and thernmal efficiencies
ocourring through changes i N mani fol d condi tions caused sl i ght
variations from thi s relation.

Comparison with calculated results. - The power output from the
experimental cylinder cannot be directly conpared with that cal cul ated
in the anal ysis (reference 1) because the combustion pressure ri se
usedi nt he anal ysi s was considerably greater then thet experimentelly
found. A valid conparison between the cal cul ated and experimental
power resultsmaybe made, however, if the inlet-manifold pressure
I's kept constant and the results are.compered at the same values of
maxlmum cylinder pressure and exhaust-gas t enperat ure, the two
limiting Pactors in the gas- generator engi ne. Such a comparison is
shown in figure 13 for values of nmean effective pressure calculated
according to thermodynamc relations shown in reference 1 for equiva-
| ent val ues of experinental naxi mum cylinder pressure and corresponding
exhaust - gas temperatures. Ths results are in fair agreenent at condi-
tions of |ow exhaust tenperature, which correspond to |ean fuel-air
ratios (less than 0.03). Optimzingthe injection advance angl e
may inprove the agreement here by increasing the power output and
al so decreasing the cylinder pressure and the exhaust tenperature. At
conditions corresponding to rioh fuel-air retios, W de differences
are noted between the cal cul ated and experimental val ues. Mst of
the difference is attributed to the poor charging efficiency of the
experinmental cylinder, although injection advance, duration, and
pattern also exert same i Nnfl uence on the power out put.

Cylinder Pressurea

Campression pressures. - A comparison of ocalculeted and experi -
nmental compression pressures is shown in figure 14. Ths expression
used in the reference analysis (reference 1),
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Po = Pg rl 3 (4)

wher e

P, oompression pressure, (1b/sq in. abs.)
Py ©xhaust-gas pressure, (1b/eq in. abs.)
r compressionratio

is shown to result in pressures somewhat | ower than the actual com-
pression pressures. |n view of the | ow fl ow coefficlent across t he
inlet ports of the experimental cylinder, it appears doubtful that
compression could proceed from inlet-manifold pressure. Actually,

t he pressure from Whi Ch compression begi ns should be somewhere

bet ween inlet- and exhaust-menifold pressures. Indicator-card data
eghow that this pressure is |ess than the inlet-nmanifold pressure by
about 20 percemt of the cylinder pressure drop. The data in fig-
ure 14 show that the value of 1.35 for ths polytropic exponent very
nearly £its the plotted points.

Maxi mumcyl i nder pressures. - The effect of inlet-manifold
pressure and fuel-alr ratio on meximm cylinder pressure | S shown
in figure 15. The curves initially rise quite rapidly and, as the
fuel-air retio i s enriched, become nore nearly flat. This flatness
is a result of increasing the duration of fuel injection at the
ri cher mixtures and of operating with a fixed injection advance
angle. | f the injection advance had been optim zed., increasing
with the fuel-air ratio, these curves would be nDre nearly strai ght
lines. As IS t0 be expected, the nmaxi num Cyl i nder pressure at a
given fuel -air rati o is approximately proportional to the inlet-
mani fold pressure.

Ratios Of meximum ccmbustion pressures t 0 compression pres-
sure are plotted in figure 16 for both experimental and cal cul ated
values Of cylinder pressure. The calculated values were obtained
by using the nmet hod of computetion (for constant-volume combustion
with certain correction factors alopl i ed) described in the analysis
(reference 1). The calculated val ue8 of canbustion pressure are
higher than the experimenta, values and the cal cul at ed values of

compression pressures pg T aaie slightly | ower than the exper-
imentel values, being nea.rly P M35, Thus~ the cal cul ated ratios
are eaccordingly higherthanthe experinental ratios. The pressure
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ratio increases as the compression ratio is decreased. For exanple,
t he val ue oft hs experimental pressure rati 0 for a compression ratic
of 7 is 1. 42 whereas for a compression ratio of 4 it is 1.72 (at a
fuel-air ratio of 0.035).

At high compression ratios, the tenperature is, of course, higher

at the end of compreasion than at | ow compression ratios. ThiS increase

in tenperature caused the decrease in the ratio of combustion pressure
t 0 compression pressure with inoreasing compression ratio (fig. 16)

for the calculated data and i S a contributing factor i n accounting

for this variation in the case of the experinmental data. For the
experimental data, however, a second effect is present, because
conmbustion i s incomplete at crank top dead center and becsuse t he

rate of change of cylinder volune wth respect to time fexr const ant
clearance volume | S greater for high than for | owcampression rati os.

The combustion pressure ri se was about one-half of that to be
expected wit h constent-volume combustion. The combustion pressure
ri se apparently had |ittle bearing on the performance of the cylinder
when t he limitetions were meximm cylinder pressure and exhaust - gas
t enperat ure.

Thernal Efficiency

The effects of pertinent engine operating variable8 on indicated
specific fuel consumption and thermel efficiency of the experinental
cylinder are shown in figure 17, which shows that the efficiency
decreases with increasing fuel-air ratio. Thischange 1s caused by
the greater divergence of the properties of the working fluid from
the properties of a perfect gas at t he rich mixtures, t he ocourrence
of nore of the combustion process at constent pressure, and the
burning O scme fuel at bottau Center, 88 previously élscussed. In
addition, these values inoclude a combustion efficiency, which was
not determined but was estimated to be approxi matel y 80 to 100 per-
cent,

The veriation Of thermal efficiency with compression retio is
compared t 0 that of an air standard cycle in figure 18. Ths trend
of +the experimental date is shown to be simllar to that expected
from theoreticel considerations .

The experimental deta are compered with the efficiencies cal-
culeted by the nethod8 of the reference analysis (reference 1) in fig-
ure 19. The figure shows that the experimental val ues are somewhat
less than the theoretical results. In the course of the investigation,
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time did not permit optimzing injection pattern, injection advance,
or duration of injection. Furthermore, same | 0ss in efficiency can
be attributed to the |ow charging efficiency. For these reasons,
the data of figure 19 are considered to be a reasonabl e check on-the
essumptions i N t he initial analysis, particularly at fuel-air ratios
less then 0. 03.

Exhaust Measurenent s

Heat |osses. = The heat loss t0 the cool ant and ths exheust-
gas temperature Of the experimental Cylinder are shown in fi gure 20
as functions of fuel-air ratio. The heat | 0sses decrease with an
increase in fuel -air ratio. This variation probably results because
t he heat i nput increases faster than the tenperature difference
leading to heat transfer. All the data are considerably higher than
the value of 18 percent assumed in the previous analysis (refer-
ence 1). The higher heat rejection of the experinmental cylinder is
partly attributed to ths high surface-volune ratio of this cylinder

(the experimental cylinder hss a surface-volune ratio over 2-;'- times

that of a 6.3- by 6.3-1in. | 00p-scavenged two-stroke-cycle cyl i nder
(K18ckner Humbolt Deutz engi ne, reference 8)), and partly to the
| ow cool ant tenperature used. to expedite the investigation.

Exhaust - gas _tenperature. - The exhaust-gae tenperature (fig. 20)
i s practically a linear function of fuel-air ratio. The slight amount
of upward curvature is caused by a decrease in the engine efficiency
as the fuel-air ratio is increased. The difficulty of attaining
equi libriumconditions in the exhaust tank, which had consi derable
t hermal lag, may account far the scatter in the data points. Because
the data were taken in ths direction of increasingly rich mixtures,
the higher tenperatures at each respective fuel-air ratio are con-
sidered nost valid and the line through the point8 is drawn accord-

ingly.

Camparison Of cal cul ated and experimental exhaust-gae tenper-
atures. - The equation used in the previous analysis(reference 1)
wag nodi fi ed t 0 eliminate t he necessity for knowing the compressor-
inlet temperatureint he gas-generator engine, to elinminate the
simplifying assumption of constant specific heet, and to consi der
the highex heat losses in ths experimental cylinder. In its nodified
form the equation becomss

. (l-Qz ™ hc({')
ST

+ Hy (5)
A
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where

Hg enthalpy of exhaust gas, Btu per pound

Q; heat rejection, fraction of heat input negl ecting friction
Nt indicated thermal efficiency from experinental data

. b, heat of combustion of fuel, 18,500 Btu per pound

E/A fuel-air ratio
H, enthalpy of inlet air, Btu per pound .

Deta fromreference 9 allowed graphical expression of these enthelpy
val ues as functions of temperature and fuel -air ratio and thus
permtted a solution of the equation to be mde. Equation (5)
results 3In the same exhaust-gas tenperature &8 that caloulated in
the analysisin reference 1 for a corresponding he&-rejection rate.

velues Of exhaust-gas tenperature calculated by meens of equa=-
tion (5) are compared with the experimentally determined values in
figure 21. The calculated values appear to be in good agreement
with the experimental resuits. At a fuel-air ratio of 0.04 and
beyond, all the data points|ie below the cal cul ated curves. This
disperity may be a result of decreasing combustion efficiency i n
t he experimental data because the equati ons assume 100-percent com-
bustion efficiency, or of neglected heat losses at the high tenper-
atures involved.

The vari ati on in calculated and experimental exhaust-gas tem-
peratures with changes in compression ratio is Shown in figure 22.
Here again the correlation is shown to be good. The change in
exhaust-gas tempersture Wit h compression ratio i s caused by vari a-
tionin the thermal efficiency of t he cylinder.

EFFECT OF DIFFERENCES BETWEEN OBSERVED AND PREDI CTED PERFORMARCE

I nasmuch as thi s investigation was conducted t 0 deternine experi -
ment al | y the performance characteristics of a cylinder for gas-
generat or use and t0 compere the data obtai ned with t hose assumed
for the previous analysis of ths gas generator (reference 1), exam
ination of the effect of differences i n the experimental and assuned
date on the performence Of the gas-generator engine is of |ntereat.
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The two nost serious deficiencies of the experimental cylinder
W th regard t 0 gas-generator application are itsS | Ow charging effi-
olency and its high heat | 0sses. The | ow cherging ef fici ency causes
a | 0ss 1n power out put, whioh mey limit t he menifold pressure at
whi oh the gas-generator engi ne can operate. This limtation iIa turn
| eads t 0 higher specific weight and specific fuel consumption in
the gas-generatorengine.

Thenature of this power limt is shown in figure 23. The
cylinder power OuUt put i S shown for constant exhaust-gas temperature
and- constant maximum oyl i nder pressure. The opereting point of the
gas- generator engine obviously is that point where the power-
avai | abl e curve i ntersects t he power-required curve. Because al |
the curves are 80 nearly parallel, a smalldrop in power output
resulting from | nadequat e scavenging results in a large | 0ss in
manifold pressure.

The gas-generator engine ordi narily operates at fuel-eir ratios
of about 0.03 to 0.035 and If the scavenging i S adequate to keep
the cylindexr fuel-air rati o somewhat bel ow stoichiometric, ccmplete
scavenging i S no | onger so i nportant. The present.cylinder is
incapable Of accamplishing this end. Revision of the porting
schene with particular enphasis on increasing the exhaust |ead may
effect a satisfactory i nprovenent.

The second fault of the present oylinder, that of excessive
heat | osses, is attributed to the use of e small-scale cylinder
with a | ow cool ant tenperature. In this investigation, overcooling
the oylinder rather than devel oping a cylinder that woul d operate
well with a minimum of cooling was expedient. The use of a full-
scale cylinder with a certain amount of development to permt the
use of higher cool ant tenperatures should be effective inreducing
the heat |osses. A reduction of manifold cooling area would al so
be made possible with a full-scale cylinder. Despite poor
scavenging and hi gh heat |osses, the performance of the experinental
cylinder confirmed t he assumptions used in the previous anal ysis
sufficiently well to indicate that a reasonabl e approach aoul d be
made t 0 t he gas-gensrator-engine performence cal cul ated in refer-
ence 1.

MECHANICATL. PERFORMANCE OF ASSEMBLY

The operating Conditi ons wused in the Investigation represent
quite a radical departure from conventional practice. Accordingly,

t he practicability of operating at these conditions mMay be questi oned.

1077
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Many of the anticipated difficulties, such as, roughness of the engine,
broken and stuck plston rings, broken cylinders,; commscting rods, and
plstons, and repid wear of part8 failed to materialize. The engine
operated satisfactorily throughout the entire investigation. Ring
stlcking was not a problem, nor was combustion roughness or knmock
encountered. The average rabte of ccambustlon-pressure rise was

32.5 pound8 per squaexe inch per degree at 1800 rpm or 352,000 pounds
per squere i nch per second as determined fraom i ndi cator cards. A
minimum rate Of pressure rise of ebout 50 pounds per square inch per
degree will ususlly cause engine roughness. It should be pointed out,
however, thet no attenpt has beer made t 0 reduce the hi gh heat losses
from the cylinder; t he higher cylinder temperatures that woul d accom~
pany such an attenpt have not been Investigated.

SUMMARY OF RESULTS

The results of an investigation of the performence of & small-
scale, t wo- stroke-cycl e, compression-ignition cylinderof the loop-
scavenged type operated under slmulated plston-type gas-generator-
engine conditions mey be sumerized as follows:

1. Charging and scavengi ng of the cylinder wes inadequate
because of unsatisfactory porting. The poor chargi ng and scavenging
were traced to i nadequat e exhaust lead, which was found to be only
one-sixth of that required. The charging efficiency adversely
af fected power output and thermel efficiency of the cylindexr at over-
all fuel-air ratios in excess O 0. 03.

2. The thermsl efficiency and the power output at over-all fuel-
air ratio8 less than 0.03 checked satisfactorily wth anticipated
values. Small improvements may be obtained by optim zing the fuel-
injection-systemcharacteristics.

3. Heat losses from the cylinder were excessive. Part of the
reason for these | arge losses was t he necessarily large surface-
volume ratio of the cylinder, which was about 2% times that of a

current full-scale tWo-stroke-cycle cylinder. A contributing factor
was the | ow coolant tenperature used to expedite the investigation

4. Measured exhaust-gastenperature8 checkedanti ci pat ed values
rea80nabl . y well when t he experimentelly detexmined heat losses and
cambustion ef fi ci ency wer e considered.

S. The cambustion pressure i Se was about ome-half thet to be
expect ed with const ant - vol une combustion. The cambustlon pressure
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ri se apparent|y had little bearing on the performence of the
cylinder when the limitations were maximmm cylinder pressure and
exhaust-gast enperature.

6. An analysis of the data showed that inadequate cylindexr
charging (char ge alr insufficient to maintain t he cylinder fuel-
air ratio somewhat bel ow stoichicmetric) 1imited the manifol d pres-
sure at whi ch a gas-generator engi ne using this cyl i nder nay oper-
ate. The anal ysi s indicates, however , that if the cylinder charging
was adequate, only small increase8 in allowabl e manifold pressure
woul d accompany further i nprovenment in charging ef ficiency.

7. The wunusual operating condi ti ons had no harmful effects on
t he mechantcal operation of the engine; the operation was quite
srrloptg because of the |ow rate of conmbustion-pressure rise in the
cyl i nder.

Lewi s Flight Propulsion Laboratory,
National Advisory Cormittee for Aeronautics,
C evel and, nio.
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APPENDIX - METHOD OF COMPUTING COMPARTSON PARAMETERS
FOR INLET AND EXHAUST SYSTEMS

Wien an emount of air equal to the piston displacement is
assumed t 0 f|l ow t hrough the valves at constant pressure during the
i nl et and exhaust processes, let Ama&? be the product of maximm
valve Or port area and average fl| ow gffi cient based on that area,
in sdquare inches.

Then
oV
P(ApexCa) Vb = —112)'
v = e
= 12(AmexCal)t
but
A8
t =&
TN

V= ZIAEuCaFAB

and
AUV o
¢ 2¢{ApaxCq )48
but
S
TDN = 12 ‘Z-'Ap

so that

T_ss_“zr_

=3 ApaxCa )48

wher e

p flui d density, 1b/ou £t

v average vel ocity of f£low through val ve8 or ports, £t/sec
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t time for fl ow process, sec

vp piston displacement, cu in.

A9 total valve- or port-opening period, deg
N engline speed, rpm

e velocity of sound (1100 ft/sec at inlet conditions, 2500 £t/sec
at exhaust oconditions,values arbitrarily chosens

M hypothetical average Mach number f Or flow through valve Or port
s  eaverage piston speed, f£t/min
Ap area of piston, sq in.

The data necessary for determining the val ues of M for the

ported and for the conventional aircraft-engine cylinder and al so
comparative val ues of M for each are as foll ows:

Conoent Port ed eylinder Aircraft-engine cylinder
_ Lonoep [nl et [Exhaust Tnlet Exhaust
Ap,! (sq in.) 1350 1350 1350 1350
o, (ft/sec) 1120/ 8 3500 8.3 iiz2o0 50 8.7
Apay(total), (sq in.)| 3.03| 2.62 5.16 4.15
Ca 0.238| 0.372 0. 398 0.373
A8, deg 122 142 290 282
M
M (2400 rpm®) 0,344 0.624 1 0.0985 0.179 0,144 0.263 0.068 0.160

8Rated speed for aircraft-engi ne cylinder.
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Alternatel ocations for fuel-injector
maxi mMumeylinder=-pressure i ndi cat or
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Pressure drop across cylinder, 1b/sq in.
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Mani fol d tenperature, 400° F; fuel-air
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on equation (2).
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